Population-based prospective cohort studies are indispensable for modern medical research as they provide important knowledge on the influences of many kinds of genetic and environmental factors on the cause of disease. Although traditional cohort studies are mainly conducted using questionnaires and physical examinations, modern cohort studies incorporate omics and genomic approaches to obtain comprehensive physical information, including genetic information. Here, we report the design and midterm results of multi-omics analysis on population-based prospective cohort studies from the Tohoku Medical Megabank (TMM) Project. We have incorporated genomic and metabolomic studies in the TMM cohort study as both metabolome and genome analyses are suitable for high-throughput analysis of large-scale cohort samples. Moreover, an association study between the metabolome and genome show that metabolites are an important intermediate phenotype connecting genetic and lifestyle factors to physical and pathologic phenotypes. We apply our metabolome and genome analyses to large-scale cohort samples in the following studies.
| INTRODUCTION
Tohoku Medical Megabank (TMM) Project has been founded to operate prospective cohort studies in Japan's Miyagi and Iwate prefectures. Both regions were affected by the Great East Japan Earthquake on 11 March 2011 (Kuriyama et al., 2016) , and the cohort studies of TMM are aimed at supporting community medicine in these earthquake-damaged regions by establishing next-generation medical systems, such as personalized health care and personalized medicine. For this purpose, the Tohoku Medical Megabank Organization (ToMMo) at Tohoku University and Iwate Tohoku Medical Megabank Organization (IMM) at Iwate Medical University have been cooperatively conducting prospective cohort studies and constructing an integrated biobank.
Tohoku Medical Megabank started two types of cohort studies in 2013: a population-based adult cohort study named "the TMM Community-Based Cohort Study (TMM CommCohort Study)" and a birth and three-generation cohort study named "the TMM Birth and Three-Generation Cohort Study (TMM BirThree Cohort Study)" (Kuriyama et al., 2016) . At the first stage (baseline) of these cohort studies (from 2013 to 2017), more than 150,000 participants have been successfully recruited. In 2017, we started the second stage of our cohort studies called "TMM Repeat Assessment Center-based Survey during the Second Period."
One of the characteristics of our cohort studies is the implementation of a wide variety of omics and genomic analyses within a conventional questionnaire-based cohort study; molecular profiling of each participant is important for investigating the associations of genetic and environmental factors with phenotypes. Another reason for the incorporation of omics and genomic analyses is to avoid rapid depletion of the TMM biobank samples. In the TMM biobank based on these two cohort studies, an analytical center within the biobank conducts standard omics and genomic analyses and provides/shares data with the science community. TMM biobank provides samples upon request that are not covered by these standard analyses. This biobank operation has been referred to as the integrated biobank (Kuriyama et al., 2016) .
In terms of omics and genomic analyses, genome research has already been recognized as a major method of cohort studies (Cupples et al., 2007; Leitsalu et al., 2015; Scholtens et al., 2015; Sudlow et al., 2015; Wichmann, Gieger, & Illig, 2005) . In fact, we have already analyzed the wholegenome sequences of more than 2,000 participants with next-generation sequencing systems Yamaguchi-Kabata et al., 2017) . Single nucleotide polymorphism (SNP) data of more than 10,000 participants have also been analyzed by our custom array system (Japonica Array ® ) . In addition, metabolome analysis is becoming an indispensable method to investigate molecular phenotypes in cohort studies (Gieger et al., 2008; Harada et al., 2016; Kettunen et al., 2012; Loeffler et al., 2015; Rhee et al., 2013; Saw et al., 2017; Schmidt et al., 2015; Shin et al., 2014; Tigchelaar et al., 2015) . The metabolome is an intermediate phenotype connecting genotypes and phenotypes and mediates the effects of environmental and lifestyle factors to phenotypes. Therefore, metabolome analysis is a complementary and suitable method for investigating the effects of these factors on phenotypes. In particular, the application of metabolome analysis to samples from families participating in our three-generation cohort study is expected to be important for the estimation of gene-environmental influences.
In the last decade, population-based cohort studies start collecting genome and omics information for all or a subset of participants. For example, one of the major cohort studies, LifeLine Deep study in Netherlands, has obtained methylome and transcriptome data from more than 1,000 participants, in addition to the genome and metabolome information (Tigchelaar et al., 2015) . Recently, such cohort studies aiming at molecular phenotypes are operated not only in Europe and America but also in the other regions of the world such as Asia (Saw et al., 2017) . As genetic factors as well as environmental factors such as diets and lifestyles are different among various regions in the world, molecularbased phenotypes in each region are important for elucidating the contributions of each genetic or environmental factor to the health of populations. Especially, Japanese is known for longevity and information of their genetic and environmental factors should be important for the international molecular epidemiology. Our TMM cohort project is the first and largest population-based prospective cohort study including genome and omics investigation in Japan. TMM cohort project also performs a three-generation cohort study targeting children. This family-based cohort information including fetal environments is very effective for investigating interactions between genetic and environmental factors and their effects on common diseases.
Although omics and genomic analyses play important roles in recent cohort studies, some problems remain in implementing these analyses to population-based cohort studies (Elliott, Peakman, & Biobank, 2008; Hirayama et al., 2015) . One of the major problems is the difficulty of sample collection for omics analyses during health surveys in cohort studies. Although individual genome datum does not change during a lifetime, profiles of other omics targets, such as metabolites, are influenced by many factors, such as diet, disease, aging and genetic polymorphism. Hence, detailed information on these factors must be collected to evaluate their effects on omics data. In contrast, the quality of omics data, except for genome data, largely depends on the quality of collected samples because targets of omics analyses, such as metabolites, are generally not stable compared to | Genes to Cells
the stability of the genome. Therefore, suitable protocols for sample collection, especially blood plasma collection, must be developed and evaluated under various limitations that are characteristic of cohort studies before starting large-scale studies.
In this report, we describe the study design of the ToMMo omics analyses, focusing mainly on metabolome analysis in our cohort studies. One of the characteristics of our approach is that we performed the nontarget type of metabolome analysis of plasma using two analytical methods: nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS). This approach is suitable for achieving our goals to perform high-throughput analysis of the metabolic profiles of cohort participants and to elucidate biomarkers for personalized healthcare. We also conducted the nontarget type of proteome analysis by MS to elucidate blood protein profiles. For these omics analyses, we developed and evaluated blood sample collection protocols in our cohort studies. We report the results of our omics research in the first stage of our cohort studies and will discuss the future research plan.
| COHORT DESIGN AND SUBJECTS FOR OMICS STUDY
TMM has been conducting two prospective cohort studies: a population-based adult cohort study and a birth and threegeneration cohort study (Kuriyama et al., 2016) . The TMM CommCohort Study targets adult individuals (aged 20 and older) and has recruited a total of 84,073 participants from 2013 to 2016. In contrast, the TMM BirThree Cohort Study targets pregnant women and their families, including fathers, grandparents and other family members of the fetuses. This study has recruited a total of 73,001 participants, including 32,086 children, from 2013 to 2017. On 1 June 2017, we started the TMM Repeat Assessment Center-based Survey during the Second Period and are planning to recruit participants from the baseline surveys for follow-up measurements of health data. Details of this repeat assessment study will be described elsewhere.
The ToMMo omics study basically targets adult participants of the TMM baseline cohort studies (Figure 1 ). Although we did not select underage participants for the current omics study, we are planning to investigate them when the follow-up 
| SAMPLE COLLECTION AND STORAGE FOR OMICS ANALYSES
Before initiating our cohort studies, we investigated protocols for the collection, transfer, processing and storage of blood samples suitable for omics analyses. In particular, we carefully considered sample collection and transfer processes because the quality of blood samples is largely influenced by time and temperature during these processes. Therefore, we investigated the influences of these factors on the quality of blood samples using several samples collected from volunteers and created protocols for the sample collection and transfer processes (Saigusa et al., 2016) . We also considered which type of blood collection method should be used. Based on these analyses, we concluded that plasma is better for omics analyses than serum because several proteins and metabolites are not stable during the clotting process of serum. Nonetheless, we also collected serum samples in our cohort studies because serum is a standard sample for some blood test items and some laboratories still use serum as a sample for biological analyses. Through these analyses, we evaluated the protocol for cohort sample collection for omics analyses as follows (Figure 2 ).
In the case of plasma, blood samples are collected using Venoject II ® tubes containing EDTA-2Na (Terumo Corporation).
After collection, sample tubes are immediately inverted 10 times and are stored at 4°C. These sample tubes are transported to our biobank laboratory using refrigerated containers with temperature data loggers. Total transport time is within 8 hr for most samples collected in the Miyagi prefecture. The transported tubes are centrifuged at 2,330 × g for 10 min at 4°C. The plasma fraction is transferred to the liquid handling machine (Freedom EVO ® , Tecan) and dispensed to MATRIX ® 1.0-ml 2D barcoded screw tubes (Thermo Scientific). The number of the dispensed tubes is basically four per blood sample, and the plasma volume in each tube is approximately 700 μl. These samples are administered by TMM biobank ID and stored at −80°C.
In the case of serum, blood samples are collected using the Venoject II ® tubes with clot activator (Terumo Corporation).
After clotting at room temperature, sample tubes are stored at 4°C and are transported to the laboratory in a similar manner to plasma transport. The transported tubes are centrifuged at 1,700 × g for 10 min at 4°C, and the serum fraction is transferred to 2D barcoded screw tubes (700 μl/tube, 4 tubes/ participant). These samples are also administered by TMM biobank ID and stored at −80°C. The sample preparation process in the ToMMo biobank laboratory is operated by the laboratory information management system (LIMS) using a barcode system and TMM biobank ID. The storage process of these samples is managed using an automated storage platform and biobank data management system (Brooks Life Science System). For omics analyses, the plasma sample in each dispensed tube (700 μl) is further divided into six tubes (approximately 120 μl per tube), which are managed using ToMMo omics ID and a barcode system.
| PROTEOME ANALYSIS
For the proteome analysis of plasma samples, we applied nontarget type MS analysis because information related to the blood protein profiling of cohort participants is an important basis for a wide variety of studies, such as biomarker discovery and multi-omics analysis. To this end, we investigated the protocols of sample preparation and MS measurements to establish the method for nontargeted proteome analysis ( Figure 3a) . As a result, we adopted the method in which plasma samples are first denatured, reduced and alkylated. The resulting samples are then digested in tandem by lysylendopeptidase and trypsin. After desalting, the samples are analyzed using liquid chromatography followed by tandem mass spectrometry (LC-MS/MS) systems (Thermo Fisher Scientific). Applying this protocol, we measured a total of 501 plasma samples with triplicate measuring. Peptide 
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Operated by LIMS identification from the obtained data was performed using SequestHT and Mascot search engines with the UniProt human proteome set (April 2014) as the reference for protein sequences. The identified peptide data were integrated using Proteome Discoverer software (version 1.4: Thermo Fisher Scientific).
| METABOLOME ANALYSIS
The two major aims of our metabolome study using plasma samples of cohort participants can be summarized as follows. One aim is to comprehensively and quantitatively elucidate the standard profile of Japanese blood metabolites, whereas the other is to investigate biomarkers for diseases and personal health conditions by means of a large-scale association study of metabolites with other omics/genomics and cohort data. Hence, we have applied the nontarget type method to analyze plasma metabolites. In our analyses, the metabolites in plasma were examined by a combination of NMR spectroscopy and MS.
| NMR metabolome analysis
Detailed protocols for the NMR metabolome analysis of plasma have been described (Koshiba et al., 2016) . In brief, metabolites were extracted from 200 μl of plasma and suspended in a sodium phosphate buffer. All NMR experiments were performed at 298 K (25°C) on a Bruker 600 MHz spectrometer (Figure 3b ). Standard 1D NOESY and CPMG spectra were obtained from each plasma sample (Beckonert et al., 2007) . The samples were analyzed using the Chenomx NMR Suite 8.0 (Chenomx), and metabolites were manually quantified using the target profiling approach in the feasibility study as described below. However, we developed an in-house automatic quantification program to analyze a number of cohort samples and migrated to the new analytical protocol (Aoki et al., in preparation). Whereas this protocol currently quantifies 37 metabolites, we are now developing our metabolite database to expand the quantification target of this program. The statistical profile of our metabolome data has been released as a public database called "Japanese Multi Omics Reference Panel (jMorp)" as will be described in the following section.
| MS metabolome analysis
We have also developed a protocol for the nontarget analysis of plasma metabolites in cohort participants by MS spectrometry (Figure 3b) (Saigusa et al., 2016) . Metabolites were extracted from a 50-μl plasma sample. We developed an automatic sample extraction system based on a Microlab ® STARlet robot system (Hamilton, Reno, NV, USA) to prepare MS samples. This system can automatically prepare 192 samples within 2 hr. MS analysis was performed by exploiting two types of liquid chromatography-mass spectrometry (LC-MS) systems. For positive ion mode, we used a UHPLC-QTOF/MS system (an Acquity Ultra Performance LC I-class and a Synapt G2-Si QTOF MS with electrospray ionization [Waters]). A C18 column (Acquity HSS T3; Waters) was used for LC separation. The other system is an LC-FTMS system for negative ion mode, consisting of a NANOSPACE SI-II HPLC (Shiseido, Tokyo) and a Q Exactive Orbitrap MS system (Thermo Fisher Scientific, San Jose, CA, USA). LC separation was performed using a HILIC column (ZICpHILIC; Sequant, Darmstadt). The total measurement time was 15 min for one sample.
| Quality control of samples by metabolome analyses
Although we have collected and analyzed cohort blood samples based on our established protocols as described above, it seems inevitable that the quality of several samples will be lowered by some accidents during cohort studies. Hence, we have excluded data derived from these low-quality samples from our omics database based on the results of our metabolome analyses (Saigusa et al., 2016) . In practice, we have examined the concentrations of some metabolites (particularly glucose and lactate) of each plasma sample and excluded the data if the quality of samples was insufficient. We first check samples whose glucose concentrations from NMR data were lower than those from blood test (if ratio is less than 0.7) and whose lactate concentrations are higher than the average (more than 2 SD). Second, we investigate a history of each outlier and, if we identify causes of outliers, we exclude such samples from our database. For example, we have excluded samples whose plasma samples were stored more than 1 day after the blood collection due to accidents. We are also developing quality control markers for serum samples.
| FEASIBILIT Y STUDY FOR TOMMO OMICS ANALYSES
Before executing large-scale omics analyses of cohort samples, we conducted a feasibility study using approximately 500 plasma samples collected in the TMM CommCohort Study (Koshiba et al., 2016; Saigusa et al., 2016) . For the multi-omics analysis, we selected samples whose wholegenome sequences were already available in ToMMo . We performed metabolome and proteome analyses based on our developed protocols.
In the case of MS metabolome analyses, we successfully measured plasma samples using a nontarget LC-MS system. We detected more than 1,000 peaks of features in total and identified 250 metabolites. We also measured metabolites in plasma samples by NMR and identified and quantified 37 metabolites. The quantification quality of NMR is higher than that of MS analysis, as the quantified plasma glucose values by NMR correlate well with those of laboratory blood tests than those from LC-MS do ( Figure S1 ). Although fewer metabolites are detected by NMR than by LC-MS/MS, NMR is useful for elucidating the standard profile of blood metabolites. Based on these results, we conclude that metabolome analysis is suitable and adequate for high-throughput analysis of large-scale cohort samples. Because metabolome analyses by NMR and LC-MS are complementary, we decided to conduct regular metabolome analysis of large-scale cohort samples using both NMR and MS systems.
In contrast, we performed nontarget proteome analysis on 501 plasma samples. We detected 51,916 peptide signals and identified more than 7,873 protein types in total. On average, 284 protein types were detected for one sample by our proteome analysis protocol. To the best of our knowledge, this work represents the first example that has obtained three layers of omics data, that is, metabolome, proteome and whole-genome data, of samples collected from a populationbased cohort study.
In this regard, we found two problems related to nontarget MS proteome analysis of plasma samples from large-scale cohort studies. One issue is the long measurement time or low throughput. The measurement time of proteome analysis is approximately 3 hr for one sample, which is much longer than that of metabolome analysis (approximately 10 min [NMR] to 15 min [MS] per sample). The other problem is the reproducibility of measurements. We measured the same sample a total of three times for all cohort plasma samples and found that on average, only 45.8% of the detected proteins were observed all three times. Our results indicate that nontarget proteome analysis of plasma samples is not suitable for analyzing many plasma samples from large-scale cohort studies. We envisage that proteome analysis is more suitable for analyzing a limited number of samples to investigate specific phenotypes. We are planning to develop a more reliable method for proteome analysis and will apply the protocol for large-scale cohort samples in the near future.
In conclusion, we performed a feasibility study for omics analyses in large-scale cohort studies. We found that metabolome analysis is suitable for high-throughput analysis of plasma samples. The measurement time of metabolome analyses is short enough for a large-scale cohort study, and the reproducibility and quality of the data are good enough to analyze several tens of thousands of plasma samples collected from large-scale cohort studies. In contrast, proteome analysis is difficult currently in large-scale cohort samples and seems to be more suitable for investigating selected samples to verify the results of association studies of other omics (genome, transcriptome, metabolome, etc.) and cohort data.
| JAPANESE MULTI-OMICS REFERENCE PANEL (JMORP)
We have developed a new database referred to as the "Japanese Multi Omics Reference Panel" (jMorp: http:// jmorp.megabank.tohoku.ac.jp) so that the information obtained from omics analyses of our cohort samples is accessible worldwide. This database provides a standard profile of blood metabolites and proteins in a Japanese population (Tadaka et al., 2017) .
The jMorp database consists of concentration distributions of 37 metabolites identified by NMR, distributions of peak intensities of 257 metabolites by LC-MS, and observed frequencies of 256 proteins (Table 1) 5,093 plasma samples (male: 2,077, female: 3,016) collected from participants of our cohort studies. The main interface of jMorp is the top search page, which consists of a search window and a table that lists the identified metabolites and proteins (Figure 4a ). Users can search for molecules of interest using a text-based search function, which accepts molecular names, ToMMo molecular IDs, or mass-to-charge ratios (m/z).
For each metabolite, we have provided three types of information: distribution of concentrations obtained from NMR data (distribution of peak intensities for MS data), age dependency of distribution and a list of correlated metabolites, which are graphically viewed by an interactive network viewer (Figure 4b,c) . These three kinds of information are classified by sex (all, male or female) to provide information on the sex dependency of each metabolite distribution and correlation with other metabolites. In addition, we also included the results of our first metabolome-genome association study (MGWAS) for five metabolites (Koshiba et al., 2016) .
We have also provided proteome analysis results. BMI, body mass index; LC-MS, liquid chromatography followed by mass spectrometry; NMR, nuclear magnetic resonance. detection rate of each protein in the target participants and peptide sequences detected by MS. The detected peptide information contains not only peptides derived from reference alleles of the genome but also those derived from alternative alleles containing nonsynonymous genetic variants. Links to other public databases are also included for each entry in jMorp: Human Metabolome Database, Kyoto Encyclopedia of Gene and Genomes, and LIPID MAPS for metabolites, and UniProt for proteins. These database sites provide a wide variety of information, helping users understand each molecule.
T A B L E 1
Our jMorp database is expected to be used for the many applications, including (1) as a healthy reference in many research fields, such as case-control studies, (2) as a reference for the detection of compounds or medicines not found in healthy people and (3) for the investigation of new biological processes based on metabolite networks. We will regularly update the contents of the jMorp database in accordance with the progress of our omics studies. We will also include information from our association studies, such as associations with genetic variations, questionnaires from the cohort or blood test values.
Although we provide the statistical information of metabolome and proteome in jMorp database, the multi-omics data for each individual are also can be shared upon request. Researchers can request distributions of these individual data to the office of Materials and Information Management in ToMMo (http://www.dist.megabank.tohoku.ac.jp/). The requests are examined and judged by Sample and Data Access Committee for the distribution of TMM samples and information.
While ToMMo conducts three-layered multi-omics analyses (genome, proteome and metabolome) of plasma samples, IMM investigates the epigenome analysis of blood cells and recently reported another three-layered multi-omics analysis (genome, epigenome and transcriptome) for purified blood cells (monocytes, CD4 + T cells and neutrophils) from more than 100 cohort participants (Hachiya et al., 2017) . IMM has released these results on another public multi-omics database, the integrative DNA methylation database (iMethyl; http://imethyl.iwate-megabank.org/). ToMMo and IMM are now developing protocols for more than three-layered multiomics analyses of cohort samples.
| ASSOCIATION STUDY
In the TMM prospective cohort studies, we also conducted many assessments of baseline (first) cohort studies: questionnaires (including those on disaster experiences), collection of biospecimens (blood, urine, saliva, etc.), detailed blood tests, physical and medical examinations and magnetic resonance imaging (Kuriyama et al., 2016) . From 2017 onward, followup reassessment (second) cohort studies are conducted and similar assessments are performed to the first cohort study. Because one of the main purposes of our omics study is to identify effective biomarkers for personal healthcare, we are investigating the associations of our metabolome and proteome data with a wide variety of cohort assessment data as their data cleaning processes are now underway. ToMMo has already released the first results of the association study between the plasma NMR metabolome data and the whole-genome sequence data obtained from 512 participants (Koshiba et al., 2016) . We identified five significant associations of metabolites with nonsynonymous variants, four of which were known to exist in enzymes involved in metabolic disorders ( Figure 5 ). An intriguing observation derived from the structural analyses is that these nonsynonymous variants are located in peripheral regions of the catalytic sites or related regulatory domains, indicating that these variants retain only a moderate impact on their enzymatic activities but reside in the population with a certain frequency or are stably inherited in this population. However, as shown in Figure 6 , two individuals with larger changes in the levels of the metabolite phenylalanine have also been identified; these individuals retained rare variants in the phenylalanine hydroxylase gene that cause nonsynonymous variations located near the catalytic sites. This observation indicates that these variations cause substantial changes in metabolite levels (Koshiba et al., 2016 ). These results demonstrate that variant frequency, structural location and phenotypic effect correlate with each other in human populations.
This association study implies that metabolome analysis should play an important role in future cohort and medical studies (Figure 7) . In general, variants that moderately affect enzymatic activity seem to be nearly neutral in their effects on individual fitness, resulting in their solid accumulation during evolution. These genetic variations (SNPs) eliciting moderate effects are identified in our association study of genetics and cohort omics studies. We surmise that these variations are involved in a variety of diseases, suggesting that the accumulation of moderate variants significantly affects metabolic individuality and susceptibility to lifestyle-related diseases.
It has been shown that even moderately affecting variants can be associated with a significant change in metabolite levels, indicating that the metabolome is an ideal intermediate phenotype between genome and clinical phenotypes (Adamski & Suhre, 2013) . Of note, relationships between metabolites and disease phenotypes have been investigated extensively by a wide variety of clinical and basic medical studies (DeBerardinis & Thompson, 2012; Duarte, Diaz, & Gil, 2014; Friedrich, 2012; Griffin & Shockcor, 2004; Lindon & Nicholson, 2014; Nicholson et al., 2012; Quinones & Kaddurah-Daouk, 2009 ); the mechanisms underlying these metabolite-disease relationships can be elucidated by multiple biological approaches. In contrast, direct associations of such moderate genetic variants with disease phenotypes are usually difficult as the associations are too weak to be detected, resulting in the need for huge numbers of samples and costs for identification. We further speculate that multifactorial diseases may be provoked by a combination of these genetic changes or SNPs that cause moderate molecular phenotypes, each of which has a limited contribution to the ultimate phenotype.
In conclusion, MGWAS allows us to quantitatively and qualitatively identify these molecular phenotypes and enables the detection of associations between metabolite changes and genetic variants even with a limited number of samples. Thus, MGWAS analysis is an attractive approach that links molecular phenotypes to the pathogenesis of multifactorial diseases. Furthermore, we would like to emphasize that metabolome research is a powerful approach that connects genome cohort studies or epidemiology to experimental sciences, such as biochemistry, biophysics and molecular biology, which aim to show the mechanistic insights of genedisease relationships.
| FUTURE PLAN
Based on the omics studies linked to the first stage of the TMM cohort projects, we are now planning a second-stage omics study in collaboration with the follow-up cohort examination. Our main omics approach will be metabolome analysis in association with genome and transcriptome analyses. In addition, our collaborator, IMM, will conduct epigenome analysis.
The second stage of metabolome analysis will improve the quality of the metabolic profiles of cohort participants and is expected to elucidate biomarkers that are useful for personal healthcare. In particular, we are planning to use the metabolic profiles to classify cohort participants because such stratification will be important and valuable to establish segments that are effective in the evaluation of potential disease risk. To this end, we are planning to increase the number of people and metabolites examined in the study.
Whereas the main target of our omics study in the first stage was adult participants of the TMM CommCohort Study, in the second stage, we will also target family participants of the TMM BirThree Cohort Study. The TMM cohort project offers a great advantage in investigating gene-environmental interactions because more than 10,000 trio families were recruited in the TMM BirThree Cohort Study. These families included approximately 200 complete sets of three-generation families (i.e., four grandparents, two parents and a child). We are hoping to elucidate the contribution of each genetic and environmental factor to metabolic profiles through analyses.
We also have started metabolome analysis of the samples collected in the "TMM Repeat Assessment Center-based Survey" to investigate the metabolic profile changes of each participant relative to those in the first survey. We are also planning to conduct metabolome analyses of mononuclear cells and immortalized lymphocytes of the participants, which will be useful to investigate the effects of genetic variants, drugs or a wide variety of stresses (Hayton, Maker, Mullaney, & Trengove, 2017; Niu & Wang, 2015) . Furthermore, we will continue to develop protocols for proteome analysis using these mononuclear cells and immortalized lymphocytes. In addition, we are now developing protocols for the target metabolome analysis of cohort samples with a gas chromatography-MS system. Finally, we also have started transcriptome analysis of blood samples not only to assess the functional contributions of genetic variants found in introns and regulatory regions of genes but also to identify biomarkers for diseases (Battle et al., 2014; Cummings et al., 2017; Kayano et al., 2016; Satoh, Kino, & Niida, 2015) .
MGWAS
| CONCLUSION
In the TMM cohort study, we have been conducting omics analysis and have been developing protocols for metabolome and proteome analyses that are suitable for highthroughput plasma sample analysis of large-scale cohorts.
We have generated standard profiles of blood metabolites and proteins in a Japanese population and have released them as a public database, jMorp. We have also examined the association between plasma metabolites and SNPs, which proves that metabolome analysis is a powerful approach for investigating the association between genetic variations and phenotypes. In the second stage of the ToMMo project, we will continue metabolome analysis to delineate the profiles of blood metabolites in most participants and the associations of genetic and environmental factors in pathophysiological conditions.
